-Despite preeclampsia being one of the leading causes of maternal death and a major contributor of maternal and perinatal morbidity, the mechanisms responsible for its pathogenesis have yet to be fully elucidated. Growing evidence indicates that reduced uteroplacental perfusion and the resulting placental ischemia triggers the cascade of events leading to this maternal disorder. While the well-established rat model of reduced uterine perfusion pressure (RUPP) is providing invaluable insight into the etiology of preeclampsia, the aim of this study was to develop a mouse model of reduced uterine perfusion to expand mechanistic investigation by incorporation with novel genetargeted mice. To accomplish this aim, a sham surgical procedure or a restriction of blood flow at the abdominal aorta and the ovarian arteries was initiated at day 13 of gestation in C57BL/6J mice. Mean arterial pressure measured in conscious, chronically instrumented mice was significantly elevated in the RUPP (120 Ϯ 4 mmHg) compared with the sham (104 Ϯ 4 mmHg) mice at day 18 of gestation (P Ͻ 0.01). Placental ischemia reduced fetal weights (0.95 Ϯ 0.04 and 0.80 Ϯ 0.02 g; RUPP vs. Sham, respectively; P Ͻ 0.02) and increased circulating levels of antiangiogenic soluble fms-related tyrosine kinases (sFlt)-1 (P Ͻ 0.05) in the RUPP at day 18 of gestation. Plasma concentrations of sFlt-1 are increased in preeclamptic patients and in response to reduced uterine perfusion in the rat. Thus, these results suggest that the mouse model of reduced uterine perfusion is applicable to facilitate novel mechanistic investigation into the etiology of hypertension that results from placental ischemia during pregnancy. mouse; hypertension; pregnancy; intrauterine growth restriction; placental ischemia PREECLAMPSIA IS ONE OF THE leading causes of maternal death and a major contributor of maternal and perinatal morbidity (29). However, the mechanisms responsible for the pathogenesis of hypertension during pregnancy or preeclampsia are not known. Preeclampsia is a complex disorder involving multiple organ systems (24), yet numerous studies indicate that the placenta plays a central role in the pathogenesis of preeclampsia and that reduced uteroplacental perfusion, which develops as a result of abnormal cytotrophoblast invasion of the spiral arterioles, triggers the cascade of events leading to this maternal disorder (24). Placental ischemia leads to the release of soluble placental factors, including the soluble form of the vascular endothelial growth factor (VEGF) receptor type 1 and the soluble fms-related tyrosine kinases (sFlt-1) (19). Plasma concentrations of sFlt-1 are increased in preeclamptic patients (28), and exogenous administration of sFlt-1 into the pregnant rat results in an increase in arterial pressure associated with a decrease in plasma-free VEGF and impaired endothelial function (5). The rat model of reduced uterine perfusion is associated with a marked increase in arterial pressure (3), variable proteinuria (3), and increased sFlt-1 (7), all characteristics of the human condition of preeclampsia. The development of a mouse model of reduced uterine perfusion pressure would greatly expand the ability to investigate the etiology of preeclampsia through the use of genetically manipulated mice. Thus, the aim of this study was to develop a mouse model of reduced uterine perfusion to further address the mechanisms by which placental insufficiency leads to increases in blood pressure in the mother during pregnancy.
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METHODS
Animal experiments were conducted in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals with all animal protocols approved by the University of Mississippi Medical Center's Institutional Animal Care and Use Committee. Timed-pregnant C57BL/6J mice were purchased from Charles River Laboratories (Wilmington, MA); gestation day (GD) 0 was defined as the day on which sperm plugs were detected. Mice arrived at our laboratory animal facilities at GD 11. Mice were housed individually at 23°C on a 12:12-h light-dark cycle, while being maintained on water and food (8640; Harlan Laboratories, Indianapolis, IN) ad libitum.
Reduced uterine perfusion pressure protocol in the mouse. On GD 13, mice were subjected to a mechanical procedure to obtain reduced uterine perfusion pressure (RUPP). For this procedure, mice were anesthetized using isoflurane (Butler Schein Animal Health, Dublin, OH), which was administered via vaporizer (Ohmeda, BOC Health Care, Steeton, West Yorkshire, UK). Under aseptic conditions, an abdominal incision was made allowing for visualization of the abdominal aorta and exteriorization of the ovarian and utero-fetalplacental vascular beds. The region of the abdominal aorta near the iliac bifurcation was carefully cleaned of periadventitial fat using pointed-tipped cotton swabs and then separated from the vena cava using a cotton swab and a pair of angled fine-tipped forceps (Fine Science Tools, Foster City, CA). A 6 -0 silk braided silk suture (Fine Science Tools) was placed underneath the isolated portion of the aorta using strict caution to avoid bleeding. The ligature was tied around the aorta and a metal rod (OD, 0.1 mm), which lay parallel to the aorta. The ligature was knotted only once. Once taut, the rod was carefully but swiftly removed from the knotted ligature allowing blood flow to return through the aorta. The ligature knot was immobilized with a tiny drop of Vetbond tissue adhesive (3M, St. Paul, MN). Preliminary studies showed that this procedure reduced iliac artery blood flow by 50%, (n ϭ 3). To prevent the occurrence of compensatory blood flow from the ovarian-side of the uterine circulation in response to con-striction of the abdominal aorta, two silver clips (width of 0.275 mm Ϯ 5%) were each placed around the combined arterial and venous branches of the ovarian vascular arcade that lead to the first fetus; these vessels were cleaned just enough to allow proper placement of clips without causing bleeding. The clips were clamped around the blood vessels using a pair of needle holders manufactured to form a 0.6-mm gap when closing the silver clips, which resulted in an ID of 0.05 mm for each silver clip. Alongside the RUPP surgeries, a subset of mice were subjected to a sham operation, whereby an abdominal incision was made and blood vessels were prepared in a similar fashion as in the RUPP procedure, except without placement of the ligature or clips (Sham group). The abdominal incision was sutured and cleaned, and mice were provided with Carprofen analgesic (5 mg/kg sc). Measure of mean arterial pressure (MAP) and biochemical analyses were performed in n ϭ 7 for the Sham control (normal pregnant, NP) group and n ϭ 10 for the RUPP experimental group, as detailed below.
MAP measurements. On GD 17, under isoflurane anesthesia, indwelling catheters were implanted in the right carotid artery and exposed at the nape of the neck. Catheters were composed of RenaPulse RPT-040 Tubing (Braintree Scientific, Braintree, MA), which were stretched over a heat gun to create an insert length of 1 cm with an approximate OD of 0.28 mm. Catheters were filled with sterile mixture of 30% heparin/saline solution to preserve patency. On GD 18, catheters were connected to pressure transducers (MLT0699; AD Instruments, Colorado Springs, CO) coupled to a computerized data acquisition system (PowerLab, AD Instruments), while mice were moving freely in cages in the conscious state. Once hemodynamic readings stabilized, blood pressure values were collected for a 20-min recording period.
Tissue harvest. On GD 18, under isoflurane anesthesia, a midline incision was made, the uterine horns were exposed, and the fetuses were exteriorized. Blood was collected in a syringe via cardiac puncture and was centrifuged to obtain the serum. Urine was collected via syringe by tapping the bladder. Heart and kidneys were weighed and normalized to body weight. The number of viable and reabsorbed fetuses in each animal was recorded along with individual fetal and placental weights. Representative placentas were snap-frozen in liquid N2 and stored at Ϫ80°C until processed. Serum and urine were stored at Ϫ20°C until analyzed.
Tissue homogenization. Representative placentas were selected, and whole placentas were homogenized by a FastPrep-24 Instrument for 2 min in 2-ml tubes containing Lysing Matrix D (MP Biomedicals, Santa Ana, CA) and 1 ml of radioimmunoprecipitation buffer supplemented with a protease inhibitor cocktail per manufacturer's instructions (Santa Cruz Biotechnology, Santa Cruz, CA). Homogenates were quickly centrifuged at room temperature at 13,200 rpm. Supernatants were stored at Ϫ80°C until analyzed. Total protein concentration in each sample was quantified using the BCA method (Thermo Scientific, Rockford, IL).
Biochemistry. Serum sFlt-1 and VEGF were quantified by ELISA per the manufacturer's instructions (R&D Systems, Minneapolis, MN). Placental sFlt-1, VEGF, and tumor necrosis factor-␣ (TNF-␣) levels were also quantified using ELISAs from R&D Systems followed by normalization to placental total protein. Proteinuria was assessed in the following manner: urinary total protein concentration was quantified by the BCA method, of which values were normalized to urinary creatinine concentration determined by a commercially available kit (The Creatinine Companion, Exocell, Philadelphia, PA).
Statistical analyses. Data are presented as means Ϯ SE. Data were graphed and analyzed by unpaired Student's t-test using GraphPad Prism (La Jolla, CA). A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
Effect of reduced uterine perfusion in the mouse on mean arterial pressure and proteinuria. Blood pressure was significantly elevated in RUPP mice (ϳ16 mmHg) compared with sham mice at G18 (104 Ϯ 4 vs. 120 Ϯ 4 mmHg; Sham vs. RUPP, respectively, P Ͻ 0.01) (Fig. 1A) , indicating that the reduced uterine perfusion procedure initiated at G13 of gestation induced hypertension during pregnancy. However, reduced uterine perfusion did not result in proteinuria with urine obtained from a spot measurement despite correction for creatinine [protein (mg/ml) creatinine (mg/ml) ratio; 684.6 Ϯ 25.8 vs. 686.3 Ϯ 30.1; Sham vs. RUPP, respectively] (Fig. 1B) .
The effect of reduced uterine perfusion in the mouse on body weight, pup weight, and placenta weight. The effect of reduced uterine perfusion in the mouse on circulating and placental factors. We determined parameters that have been reported to play a role in the cascade related to the etiology of preeclampsia and parameters reported for the well-established model of RUPP in the rat (1, 3, 5, 8) . Serum sFlt-1 was significantly increased in the RUPP group relative to the Sham group at GD 18 (54.9 Ϯ 14.3 vs. 104.9 Ϯ 14.1 ng/ml; Sham vs. RUPP, respectively, P Ͻ 0.05) (Fig. 3) . However, levels of sFlt-1 were not elevated in the placenta of the RUPP group (683.3 Ϯ 37. 
DISCUSSION
The prevailing hypothesis for the initiation of preeclampsia is reduced uteroplacental perfusion, thought to arise from incomplete remodeling of the maternal uterine spiral arteries (6, 11, 20) . This reduced perfusion of the placenta results in placental ischemia. This study sought to develop and characterize a mouse model of placental ischemia. Like preeclampsia patients and the rat placental ischemia model, reduced uteroplacental perfusion in the mouse resulted in a significant elevation in blood pressure, intrauterine growth restriction, and increased circulating sFlt-1 levels compared with sham-operated pregnant mice. No differences in proteinuria, plasma, or placental TNF-␣ levels, or placental weights were observed in the RUPP mice relative to Sham controls; circulating free-VEGF was also not altered. The measure of free VEGF via ELISA in serum resulted in significant variability that may be due to inherent challenges related to the clipping of the small vessels in the mouse to induce placental insufficiency. Importantly, the consistent development of maternal hypertension following reduced uterine perfusion validates this model for study of mechanisms related to hypertension during pregnancy. In addition, our data also indicated that placental sFlt-1 was not increased following placental ischemia in the mouse. The lack of a difference in placental sFlt-1 protein may be due to the method of determination via ELISA, the limited amount of measurable placental protein, or the possible variation in reference protein expression between placentas collected from control pregnancies vs. pregnancies complicated by preeclampsia (14) . Whether the placenta is the source for sFlt-1 in this model remains unclear; however, peripheral blood mononuclear cells may represent an extra-placental source of sFlt-1 (26) . Although future studies will determine the mechanistic role of circulating factors like sFlt-1, the overall finding of increased blood pressure in the mice exposed to reduced uterine perfusion pressure represents an important advance toward a new model that can be used to better understand the mechanisms that contribute to the development of hypertension during pregnancy.
The American College of Obstetricians and Gynecologists recommends that a diagnosis of preeclampsia be made if a patient presents with blood pressure greater than 140/90 mmHg after the 20th wk of gestation, accompanied by proteinuria or thrombocytopenia, renal insufficiency, impaired liver function, pulmonary edema, or cerebral or visual symptoms (3). A significant increase in MAP is a characteristic of the rat model of reduced uteroplacental perfusion pressure (2, 10, 17) , and this study demonstrated that our mouse model of placental ischemia was also associated with a significant increase in MAP. Intrauterine growth restriction is another common consequence reported for pregnancies complicated by hypertension (23, 27) . These clinical reports of intrauterine growth restriction are confirmed in animal models of placental isch- Serum sFlt-1 (ng/ml) Fig. 3 . The effect of reduced uterine perfusion on erum sFlt-1 levels at day 18 of gestation in pregnant mice that underwent either a sham or the RUPP at day 13 of gestation. Bar graph represents means Ϯ SE. *P Ͻ 0.05 using unpaired Student's t-test. n ϭ 7 for sham and n ϭ 10 for RUPP.
emia (1, 8, 19, 25) , including this current mouse model of placental ischemia. The requirement for the presence of proteinuria for the diagnosis of preeclampsia was recently questioned and is now an optional symptom for preeclampsia diagnosis (3). In patients, proteinuria is defined as the excretion of 300 mg or more protein in a 24-h urine collection (12) or a protein/creatinine ratio of 0.3 or more in a spot urinalysis (30) . Our laboratory reports an increase in proteinuria in the rat model of placental ischemia (2) . Additionally, a primate model of uteroplacental ischemia also reports significant proteinuria (19) . Although we found no differences in proteinuria in our mice exposed to placental ischemia compared with Sham pregnant mice, we did not measure proteinuria from a 24-h urine collection. Determination of 24-h proteinuria may yield a significant difference. In addition, 24-h evaluation of albuminuria may also provide a better assessment of renal injury. However, 24-h proteinuria within the rat model of RUPP, like within the human population, is variable, and further studies are needed to validate these findings in the mouse.
We demonstrated in this study that mice exposed to placental ischemia had a higher plasma sFlt-1 concentration than Sham-operated pregnant mice. These results are in line with our previous report in rats exposed to reduced uterine perfusion (6) and in women with preeclampsia (15) . Interestingly, chronic sFlt-1 infusion into normal pregnant rats increases MAP and decreases fetal weight (5, 22) , and blockade of sFlt-1 with recombinant VEGF 121 lowers the blood pressure response in placental ischemic rats (9) . sFlt-1-induced hypertension in pregnant rats is mediated by increases in oxidative stress (5) and endothelin-1 and decreases in nitric oxide (21, 22) . Overexpression of sFlt-1 in the pregnant mouse also elicits the development of hypertension (4, 16, 18) . Neutralization of increased sFlt-1 via coadministration of VEGF restores blood pressure back to baseline (4), and endothelin and nitric oxide are also implicated in the etiology of sFlt-1-induced hypertension in the pregnant mouse (16), suggesting similar mechanistic pathways within the rat and mouse sFLT-1-induced models or preeclampsia. Although circulating TNF-␣ levels are elevated in rats exposed to placental ischemia (13), we did not observe differences in TNF-␣ levels in mice exposed to placental ischemia. Therefore, involvement of these pathways in modulating the hypertensive and fetal growth restriction effects of placental ischemia in pregnant mice will be an important topic of future studies.
As discussed above, rodent models of reduced uteroplacental perfusion pressure mimic many features of human preeclampsia (17) , serving as a good tool to study the mechanisms underlying hypertension and fetal growth restriction induced by placental ischemia. These models can also be used to study the developmental programming of cardiovascular diseases through follow-up of the offspring born to animals exposed to placental ischemia. Furthermore, rodent models provide the opportunity to study potential therapies for management of preeclampsia, which is difficult to explore in the human scenario in consideration of fetal health and chronic health later in life. However, the reduced uteroplacental perfusion pressure model has some limitations, including the fact that it only resembles the pathogenesis responsible for the hypertension in preeclampsia, downstream from the development of placental ischemia. Thus, this model is not useful to study early alterations in the immune system, trophoblastic invasion, and endothelial function. In addition, the use of the Sprague-Dawley rat or the C57BL/6J rodent strains, which are more resistant to renal injury relative to other strains, may limit investigation into the renal pathologies associated with preeclampsia. Difference in gestational length and time of exposure to placental ischemia in the rodent relative to the human may also alter the severity of the syndrome restricting usefulness of rodent models for some mechanistic investigations. The technical aspects associated with the procedure for induction of placental insufficiency in the mouse also result in variability in the quantitation of some factors, such as VEGF. Nonetheless, the characteristics of the reduced uteroplacental perfusion pressure model are relatively consistent among different animals (rodents, rabbit, guinea pig, dog, sheep, and nonhuman primates); the use of rodents has significant advantages, such as the short gestation period, the reduced cost, and easy maintenance, compared with the use of larger animals (17) and importantly, the mouse and rat models of placental ischemia induced in late gestation result in the development of consistent and significant maternal hypertension.
The development of this new model of placental ischemia in the mouse represents a major advance for the preeclampsia field because it allows for the investigation of specific mechanisms with the use of knockout and transgenic animals with the aim of linking placental ischemia to the development of hypertension during pregnancy. Use of a chronic reduction in uterine perfusion in genetically modified mouse models will permit investigation into the full spectrum of the preeclampsia phenotypes in humans.
In conclusion, this study demonstrated that placental ischemia in the mouse was associated with a significant increase in MAP and a decrease in fetal weight during late gestation, indicative of intrauterine growth restriction. Notably, these alterations were accompanied by increases in circulating sFlt-1 concentration. These data reinforce previous reports, describing placental ischemia as a critical event for the development of pregnancy-induced hypertension. Furthermore, these results support the use of a reduced uteroplacental perfusion pressure model in mice as an alternative approach to study preeclampsia and intrauterine growth restriction. This model will greatly expand the capacity to investigate the etiology of pregnancyinduced hypertension through the use of genetically manipulated mice.
